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1. Background In fo rmat ion  
Dur ing the per iod  f rom J u l y  1, 1983 t o  September 30, 1986 we conducted 
ground based research concerning the growth o f  b u l k  s i n g l e  c r y s t a l s  o f  
semiconducting te rna ry  compounds and a l l oys .  The work on a l l o y s  r e l a t e s  t o  
i n f r a r e d  o p t i c a l  imaging technology t h a t  i s  o f  i n t e r e s t  t o  NASA's miss ion  i n  the 
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con tex t  of sa te l  1 i t e  based sensors. 
v igo rous l y  as the p resen t l y  most successful m a t e r i a l s  system f o r  the  f a b r i c a t i o n  
o f  I R  photodiode ar rays  and a de ta i led  study o f  bu l k  c r y s t a l  growth o f  t h i s  
m a t e r i a l  i s  p resen t l y  under way a t  Marshal l  Space F l i g h t  Center w i t h i n  the 
framework of NASA's M i c r o g r a v i t y  Science and App l i ca t i ons  program (1,2). 
a r e l a t e d  e f f o r t  i s  made a t  the M I T  concerning the  growth o f  CdTe t h a t  i s  the  
most commonly used subs t ra te  fo r  heteroepi t a x i a l  growth o f  CdZHgl-,Te (3). 
Both e f f o r t s  are meaningful s ince photoconductive CdZHgl-,Te de tec tors  f a b r i -  
cated from bu lk  s i n g l e  c r y s t a l s  s t i l l  a re  impor tan t  f o r  a v a r i e t y  o f  I R  app l i -  
ca t i ons  w h i l e  heteroepi  t a x i a l  s t ruc tu res  are b e t t e r  s u i t e d  f o r  the  f a b r i c a t i o n  
o f  d iode ar rays  t h a t  a re  the pr imary sensing elements i n  foca l  plane sensor 
systems. Although the l a t t i c e  mismatch o f  HgTe and CdTe, 0.3% a t  room tempera- 
ture,  i s  smal l  i t  s t i l l  leads t o  a subs tan t ia l  dens i t y  o f  m i s f i t  d i s l o c a t i o n s  
a t  t he  CdZHgl-,Te/CdTe i n t e r f a c e  and t o  concomitant problems i n  the  growth o f  
abrupt  double he teros t ruc tures  and m u l t i p l e  quantum w e l l  he teros t ruc tures  t h a t  
are des i rab le  f o r  f u t u r e  advances i n  CdZHgl,Te technology. 
e x i s t s  c u r r e n t l y  considerable i n t e r e s t  i n  e x a c t l y  l a t t i c e  matching 11-VI a l l o y  
subst rates t h a t  provide f o r  lower  defect  dens i t y  and improved metal  1 u r g i c a l  
in te r faces .  
CdZHgl,Te bu lk  c r y s t a l  growth, we added work on 3 a l t e r n a t i v e  e x a c t l y  l a t t i c e  
matching 11-VI a l loys;  CdSeyTel-,, ZnXCdl,Te and MnXCdl,Te; t h a t  complete ly  
cover the  l a t t i c e  constant  range i n  the  CdTe-HgTe pseudobinary system f o r  0 < z 
- < 1 and x, y < 0.1. 
known and e x h i b i t  i n  the cases o f  MnXCdl-,Te and CdSeyTel,y very narrow 
sol  idus-1 iqu idus  separat ions f o r  d i l  Ute a1 loys. 
are s u i t a b l e  f o r  normal f reez ing  type c r y s t a l  growth techniques. The 
ZnXCdl,Te and CdZHgl,Te systems are charac ter ized  by  wider so l  idus-1 iqu idus  
I n  p a r t i c u l a r ,  CdiHgl,iTe i s  being pursued 
A1 so, 
Therefore, there  
Although we s t a r t e d  our program on 11-VI a l l o y s  w i t h  work on 
- 
The phase r e l a t i o n s  f o r  the  above 11-VI a l l o y  systems are 
Therefore, these two systems 
separat ions t h a t  r e q u i r e  the  app l i ca t i on  o f  zone l e v e l i n g  t o  achieve a x i a l l y  
un i fo rm composi t ion on a macroscopic scale. 
more compl icated cases needing more soph is t i ca ted  hardware and a t t e n t i o n  t o  
c o n s t i t u t i o n a l  supercool ing i n  the  se lec t i on  o f  the  growth ra te .  
subs tan t ia l  Hg pressure must be sustained i n  thermal e q u i l i b r i u m  w i t h  the 
mol t en  zone f o r  CdZHgl,Te which represents thus the exper imenta l l y  most com- 
p l i c a t e d  case. 
o f  b u l k  vs. e p i t a x i a l  CdzHgl,Te and because o f  the s i m i l a r i t y  o f  the fundamen- 
t a l  research issues t h a t  are t o  be addressed i n  the contex t  o f  m a t e r i a l s  
processing i n  space i n  a l l  4 a l l o y  systems, we tend now t o  g i ve  preference t o  
MnxCdl,xTe and ZnXCdl,Te fo r  reasons t h a t  w i l l  be presented more f u l l y  i n  
sec t ion  2 o f  t h i s  repor t .  
Therefore, these systems present 
I n  add i t ion ,  
I n  v iew o f  the  above assessment concerning the  r e l a t i v e  m e r i t s  
Ternary cha lcopy r i t e  s t ruc tu re  i s o e l e c t r o n i c  analogs o f  t he  111-V and 11-VI 
compounds o f  the  type 1 1 - I V - V 2  and I-111-VI2 are of general i n t e r e s t  f o r  non- 
l i n e a r  o p t i c s  app l i ca t i ons  s ince compounds w i t h  h igh  f i g u r e s  o f  m e r i t  are known 
i n  bo th  classes, e.g. ZnGeP2 and AgGaS2, r e s p e c t i v e l y  (4). Also, the  unusual ly  
steep absorpt ion edge o f  some o f  t h e  I-111-VI2 compounds, e.g. CuInSe2 and 
CuInS2, makes these m a t e r i a l s  i n t e r e s t i n g  candidates f o r  pho tovo l ta i c  so la r  
energy conversion since the  photogeneration o f  m i n o r i t y  c a r r i e r s  proceeds i n  
t h i s  case w e l l  w i t h i n  the dep le t i on  l a y e r  lead ing  t o  a lmost  maximum t h e o r e t i c a l  
c o l l e c t i o n  e f f i c i e n c y  even i n  simple p o l y c r y s t a l l i n e  t h i n  f i l m  so la r  c e l l  
s t ructures.  
guaranty h igh  power conversion e f f i c iency ,  t h i n  f i l m  C U I ~ S ~ ~ / Z ~ ~ C ~ ~ - ~ S  so la r  
c e l l s  w i t h  12.5% power conversion e f f i c i e n c y  a A M 1  and e x c e l l e n t  s t a b i l i t y  have 
been repor ted  by several i n d u s t r i a l  research groups (5). 
so la r  c e l l s  are unusual ly r e s i s t a n t  t o  r a d i a t i o n  damage. 
p roper ty  and the  l i g h t  weight  of t h i n  f i l m  CdS/CuInSe2 or  ZnO/CuInSe2 c e l l s  
they are o f  p o t e n t i a l  use f o r  space appl icat ions.  
A1 though e f f i c i e n t  c a r r i e r  c o l l e c t i o n  alone i s  n o t  s u f f i c i e n t  t o  
Also, CuInSe2 based 
Because o f  t h i s  
Fur ther  improvements by the  
3 
u t i l i z a t i o n  o f  I-111-VI, a l l o y s  and tandem c e l l  s t ruc tu res  i n  combinat ion w i t h  
L 
-Si:H appear t o  be poss ib le  which mot ivated an extens ive study o f  the fundamen- 
t a l  p roper t i es  of CuInSe2 (7-10) and i t s  a l l o y s  w i t h  CuInS2 (11,121 and CuGaSe2 
(13) i n  our laboratory .  
w i t h  SERI, and we comment i n  t h i s  repo r t  on l y  on those aspects o f  our research 
A major par t  o f  t h i s  work was pursued under con t rac t  
t h a t  are re levan t  t o  the mic rograv i ty  r e l a t e d  research covered i n  t h i s  p ro jec t .  
There e x i s t s  a considerable incent ive  f o r  con t inu ing  research on CuInSe2 i n  the 
con tex t  o f  m a t e r i a l s  processing i n  space s ince t h i s  ma te r ia l  represents  a model 
case f o r  the m e l t  growth o f  a non-cubic semiconductor w i t h  s p e c i f i c  problems 
t h a t  cou ld  be overcome i n  a mic rograv i ty  environment and t h a t  w i l l  have a 
s i g n i f i c a n t  impact  on o ther  technologica l  developments. Fur ther  d e t a i l s  w i l l  
be presented i n  sect ions 3 and 4. 
I n  a d d i t i o n  t o  the above work on 11-VI a l l o y s  and on t h e i r  I-111-VI2 
i s o e l e c t r o n i c  analogs we pursued research concerning InPyAsl-y and CdSnP2 t h a t  
are examples o f  111-V te rnary  a l l oys  and t h e i r  1 1 - I V - V 2  i s o e l e c t r o n i c  analogs. 
Although we cont inue t o  have an i n t e r e s t  i n  these two systems we be l i eve  t h a t  
i n  v iew o f  t he  h igh  decomposition pressures and sa fe ty  r i s k s  i n  handl ing 
InPyAsl-y and the  l i m i t e d  access t o  exper imentat ion i n  space the above i d e n t i -  
f i e d  11-VI and I-111-VI2 systems are more impor tan t  f o r  f u r t h e r  explorat ion.  
For an assessment o f  c r i t i c a l  research issues concerning the above te rna ry  
compounds and a l l o y s  we r e f e r  t o  t h e  at tached p r e p r i n t  o f  an i n v i t e d  paper 
presented a t  the  7 t h  I n t e r n a t i o n a l  Conference on Ternary and M u l t i n a r y  Com- 
pounds, Snowmass, Colorado, September 10-12, 1986 (14). 
2. T ra in ing  o f  Graduate Students, Research I n t e r a c t i o n s  and Conference 
Presentat ions 
The funding provided by t h i s  grant supported f u l l y  the  research o f  one 
graduate student o f  M a t e r i a l s  Science and Engineering, Mr.  K. Y. Lay and helped 
through research i n t e r a c t i o n s  i n  t h e  educat ion o f  th ree  o ther  graduate s tu-  
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dents, Ms. N. Gi les-Taylor and M r .  K. Park i n  the  Department o f  Physics, and 
Mr. B. Abid i n  the Department o f  Chemistry. M r .  Lay s t a r t e d  h i s  t h e s i s  on The 
Growth and Charac ter iza t ion  o f  CdTe-Based 11-VI A l l oys  i n  May 1983 and success- 
f u l l y  defended t h i s  t h e s i s  on September 26, 1986. 
a t  1 1 - V I  Inc., Saxonburg, Pennsylvania where he w i l l  pursue f u r t h e r  research on 
11-VI a l l o y  systems f o r  i n f r a r e d  appl icat ions.  
He has accepted a p o s i t i o n  
Three post-docs, Dr. P. Lange and Dr. H. Goslowsky from the  Hahn-Meitner 
I n s t i t u t ,  Ber l in ,  FRG and Dr. H. Neff  o f  Brown Bover i  & Cie, Baden, Swi tzer-  
land, who were supported p r i m a r i l y  through o ther  research programs con t r i bu ted  
t o  the  research covered b y  t h i s  report .  
o f  Prof. J. F. Schetzina and Prof. G. Lucovsky o f  the Department o f  Physics a t  
NCSU i n  our e a r l y  photoluminescence s tud ies  and i n  the  XPS measurements, re-  
spect ive ly .  The UPS measurements on our MnXCdl,Te were performed by Dr.  R. 
Kotz o f  Brown Boveri & Cie, a t  Baden, Switzer land. 
The r e s u l t s  o f  our work were presented by M r .  Lay a t  the F i r s t  State-of-  
Also, we acknowledge the exper t  he lp  
the-Ar t  Program on Compound Semiconductors (SOTAPOCS), ECS Meeting, New 
Orleans, Louisiana, October 9-10, 1984 and a t  t h e  MRS Workshop on M a t e r i a l s  
Character izat ion,  Research Tr iang le  Park, NC, September 17, 1985. The P I  
presented a cont r ibu ted  paper a t  the I n t e r n a t i o n a l  Conf. on Crys ta l  Growth, 
York, England, J u l y  14-16, 1986 and two i n v i t e d  papers a t  the PYA R&D Meeting, 
Denver, Colorado, May 13-15, 1986 and a t  the 7 t h  I n t e r n a t i o n a l  Meet ing on 
Ternary and Mu1 t i n a r y  Compounds, Snowmass, Colorado, September 10-12, 1986. 
Fur ther  presentat ions by M r .  Park a t  the  MRS Symposium on D i l u t e d  Magnetic 
(Semimagnetic) Semiconductors and an i n v i t e d  paper by the P I  a t  the  MRS Sym- 
posium on M a t e r i a l s  f o r  I n f r a r e d  Detectors and Sources w i l l  be inc luded i n t o  
the F a l l  Meeting o f  the  MRS, December 1-6, 1986 a t  Boston, Massachusetts. 
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3. Technical Resul ts  
The growth of CdSeyTel-y, MnXCdl-,Te and CuInSe2 c r y s t a l s  was c a r r i e d  o u t  
i n  a mod i f i ed  v e r t i c a l  Bridgman furnace w h i l e  InPyAsl-y and ZnXCdl,Te were 
grown by ho r i zon ta l  zone leve l i ng ,  i n  the  l a t t e r  case us ing l i q u i d  encapsulat ion 
w i t h  B2O3 t o  counteract  phys ica l  vapor t ranspor t  f rom the molten zone t o  the 
co lder  p a r t s  of the fused s i l i c a  enclosure. Photoluminescence and e lec t ron  
microprobe scans o f  the 1 1 - V I  a l l o y s  showed a x i a l l y  un i fo rm composi t ion o f  the  
a l l o y s  on a macroscopic sca le although s t r i a t i o n s  on a microscopic sca le were 
revealed by e tch ing  f o r  InPyAsl-,,. 
show deep luminescence fea tures  corresponding t o  the 1.42 eV deep emission i n  
CdTe t h a t  i s  sh i f t ed  by the  band gap change o f  the  a l loys.  
cons i s ten t  w i t h  the i n t e r p r e t a t i o n  o f  t h i s  deep 1 uminescence as D-A t r a n s i t i o n s  
w i t h  minimum s h i f t s  i n  the  depth o f t h e  re levan t  donor and acceptor l e v e l s  upon 
a l l oy ing .  However, i n  several  a l l o y  c rys ta l s ,  p a r t i c u l a r l y  MnXCdl,Te f o r  x < 
0.2, no deep emission was observed. Also, room temperature band t o  band emis- 
The PL spect ra o f  the  th ree  11-VI a l l o y s  
This  r e s u l t  i s  
0 c y < 0.10. The s ion  was observed i n  se lected c r y s t a l s  o f  CdSeyTel-y, - -  
t w i n n i n g  p r o b a b i l i t y  f o r  comparable a l l o y  concent ra t ion  increased i n  the order  
CdSeyTel-y, ZnxCdl,Te, MnXCdl,Te wh i l e  the  microhardness increased i n  the 
order  CdSeyTel,, MnXCdl,Te, ZnxCdl,Te. 
at tached r e p r i n t  o f  re f .  15. A study o f  the broadening o f  both the PL and 
photoref lectance (PR) s igna ls  shows t h a t  up t o  20% Mn the spectra a re  dominated 
by a1 l o y  broadening w h i l e  a t  h igher concentrat ions extended de fec ts  become 
dominant (see at tached r e p r i n t  o f  r e f .  16). Recent unpublished t ransmiss ion 
e l e c t r o n  microscopy s tud ies  reveal  t h a t  these de fec ts  are p lanar  domains o f  -40 
A th ickness and up t o  5000 A diameter t h a t  we charac ter ize  t e n t a t i v e l y  as 
microtwins.  F igure 1 shows such microtwins i n  Mno.3Cdo.7Te. 
the pub1 i shed phase diagram o f  the  pseudobi nary system CdTe-MnTe (17 1 suggests 
s tab le  z incblende s t r u c t u r e  s o l i d  so lu t ions  up t o  x = 0.75 recent  t o t a l  energy 
For f u r t h e r  d e t a i l  s we r e f e r  t o  the  
However, a1 though 
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c a l c u l a t i o n s  (18) show t h a t  Cdn EMnnKTe should separate i n t o  CdTe and MnTe. 
Since the  computation r e f e r s  t o  zero K i t  does no t  necessar i l y  p e r t a i n  t o  room 
temperature, b u t  fu r ther  s tud ies  o f  the phase r e l a t i o n s  o f  the CdlWxMnxTe 
system below the so l idus  i s  needed t o  c l a r i f y  t h i s  matter. 
cont roversy concerning a l l o y s  w i t h  x > 0.5 we r e s t r i c t e d  our i n v e s t i g a t i o n  t o  x 
< 0.45. 
a p p l i c a t i o n s  i n  con junc t ion  w i t h  CdZHgl,Te so l v ing  the  problem o f  tw inn ing  
would be a major breakthrough i n  the technology. 
Since the s u b s t i t u t i o n  o f  Cd2+ by paramagnetic Mn2+ in t roduces l o c a l i z e d  
".* v.* 
Because o f  the  
However, even f o r  the  d i l u t e  a l l o y s  t h a t  are s u i t a b l e  f o r  subst rate - 
magnetic moments there e x i s t  i n  MnXCdl,Te s o l i d  so lu t i ons  i n t e r e s t i n g  spin- 
sp in  i n t e r a c t i o n s  between these loca l i zed  magnetic i ons  and the extended 
states.  
t h a t  revea l  fo r  t he  f i r s t  t i m e  decayed exc i ton  c o n t r i b u t i o n s  t o  the PC of 
Cdl,xMnxTe. The b ind ing  energy o f  the exc i ton  decreases w i t h  i nc reas ing  tempe- 
r a t u r e  i n  accord w i t h  the PL r e s u l t s  i n  ref. 19 t h a t  suggest a magnetic l o c a l i -  
za t i on  o f  the  exc i tons  by in te rac t i ons  between the hole sp in  w i t h  the  Mn2+. 
The s h i f t  o f  the b ind ing  energy towards the  p o s i t i o n  o f  the f r e e  e x c i t o n  l i n e  
i s  thus  explained as an inc reas ing  e x c i t a t i o n  o f  magnet ica l l y  l o c a l i z e d  exc i -  
tons i n t o  the f r e e  exc i ton  state. 
F igure 2 shows r e s u l t s  o f  PL and photoconduct iv i t y  (PC) measurements 
F igure  3 shows the PC spectra f o r  the same c r y s t a l  a t  h igher T. Note t h a t  
a f t e r  a maximum a t  l O O K  the PC ga in decreases t o  -160K and increases a t  h igher  
T, i.e. i t  has a minimum a t  -2.0 eV. F igure 4 shows PL spect ra o f  MnXCdl,Te 
as a func t i on  o f  x revea l i ng  2.0 eV emission even a t  energy gaps Eg < 2 eV. 
This  emiss ion becomes dominant a t  values o f  x where Eg > 2 eV. 
observat ions e s t a b l i s h  unequivocal ly the  ex is tence o f  p-d t rans i t i ons ,  i.e.. 
the  communication o f  the Te p- level  der ived  valence band edge w i t h  no rma l l y  
empty Mn d e lec t ron  s ta tes  t h a t  under the  cond i t i ons  o f  an o p t i c a l  t r a n s i t i o n  
The above 
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are  l oca ted  2.0 eV above the valence band edge. The increas ing  band gap w i t h  
inc reas ing  x i s  due t o  the  upwards s h i f t  o f  the s - l i k e  conduct ion band edge upon 
replacement of Cd(5s) by Mn(4s) i n  the z incblende s t r u c t u r e  as i n d i c a t e d  i n  the  
i n s e r t  i n  fig. 5. 
terms o f  s-d exchange t h a t  has a maximum when the  CBE co inc ides w i t h  the  
energet ic  p o s i t i o n  of the Mn d states. Also, the  normal behavior i n  the  PL a t  
Eg < 2.0 eV r e f l e c t s  the  usual e x c i t a t i o n  behavior between the VBE and the  CBE 
w h i l e  a t  Eg > 2.0 eV where the s - l i ke  CBE i s  loca ted  i n  energy above the  Mn d 
s ta tes  the  l a t t e r  a c t  as a t r a p  f o r  photoexci ted c a r r i e r s  dominat ing the recom- 
b i n a t i o n  behavior. Since ho t  e lec t rons  trapped i n  Mn d 
even be fore  they are loca ted  i n  energy below the  CBE, above band gap 2.0 eV 
emission i s  observed f o r  d i l u t e  a l l o y  compositions. It should be mentioned 
t h a t  the  above in fo rma t ion  i s  i n  c o n f l i c t  w i t h  the  p r e v a i l i n g  i n t e r p r e t a t i o n  o f  
o p t i c a l  t r a n s i t i o n s  i n  MnXCdl,Te tha t  are expla ined as i n t r a i o n  d-d* t r a n s i -  
t i o n s  (20). However, our r e s u l t s  are cons is ten t  w i t h  recent  unpubl i shed band 
s t r u c t u r e  ca l cu la t i ons  by Wei and Zunger t h a t  p r e d i c t  p-d t r a n s i t i o n s  near 2.0 
eV and d-d* t r a n s i t i o n s  a t  h igher  energies (21). Although c l e a r l y  being a s ide  
product the above work i s  thus con t r i bu t i ng  t o  the understanding o f  the  funda- 
mental phys ica l  p roper t i es  o f  d i l u t e d  magnetic semiconductors which i n  v iew o f  
t h e i r  unusual magnetooptical p roper t ies  deserve f u r t h e r  a t ten t ion .  
The minimum o f  the PC near Eg = 2.0 eV i s  i n t e r p r e t e d  i n  
s ta tes  can recombine 
I n  the  contex t  o f  subst rate app l i ca t ions  i n  CdZHgl,Te heteroepi  taxy  
fundamental phys ica l  s tud ies  are impor tant  f o r  the  s e l e c t i o n  o f  the optimum 
mate r ia l  ou t  o f  the  3 a l l o y  systems under considerat ion.  Because o f  the 
favorable microhardness o f  ZnXCdl,Te c u r r e n t  c r y s t a l  growth e f f o r t s  by o thers  
a lmost  e x c l u s i v e l y  focuses on t h i s  a l loy.  However, mechanical d u r a b i l i t y  i s  
no t  the o n l y  o r  even the most impor tant  s e l e c t i o n  c r i t e r i o n .  
successful  ep i taxy  the n a t i v e  oxide and a l a y e r  o f  de fec t i ve  m a t e r i a l  under the 
na t i ve  ox ide genera l l y  must be removed by means commensurable w i t h  the  e p i t a x i a l  
For example, f o r  
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method, i.e. i n  v iew o f  t he  s t rong emphasis o f  MBE f o r  Cd,Hg,-,Te ep i taxy  under 
UHV condi t ions.  
ZnXCdl,Te and CdSeyTel,y i s  p r i m a r i l y  Te02 as i n  the  case o f  pure CdTe, b u t  the  
n a t i v e  oxide on MnXCdl,Te cons is ts  o f  a m ix tu re  o f  MnO, and Te02 (see the 
at tached r e p r i n t  of r e f .  22). 
technique revea ls  the ex is tence of  a 400 meV deep t r a p  below the  CBE and a 
L * L  
An XPS s tudy of the 3 a l l o y s  revea ls  t h a t  the  n a t i v e  oxide on 
I n  the  case o f  MnXCdl,Te a double beam PC 
considerable enhancement o f  t he  surface recombinat ion r a t e  f o r  the  ox id ized  
surface (compare the at tached p r e p r i n t  o f  re f .  23 f o r  de ta i l s ) .  Although 
s i m i l a r  s tud ies  fo r  ZnXCdl,Te and CdSeyTel,y are s t i l l  incomplete de t r imen ta l  
sur face p roper t i es  are, a1 so, expected a f t e r  ox ida t i on  f o r  these a l l oys .  
As favorable method for  the fab r i ca t i on  o f  ox ide f ree  c lean surfaces we 
explored spu t te r  c leaning combined w i t h  subsequent l ow  temperature anneal ing o f  
the  substrates. As shown i n  re f .  22 (see at tached r e p r i n t )  MnXCdl,Te i s  far  
l e s s  suscept ib le  t o  damage than pure CdTe and recovers a f t e r  30 min anneal ing 
a t  200°C t o  the  undamaged s t a t e  wh i le  the  CdTe l a t t i c e  cannot be res to red  a t  
200°C even on extended annealing cycles. PL spect ra reveal  the  generat ion o f  
shal low and deep de fec t  l e v e l s  i n  CdTe, b u t  on l y  a s l i g h t  increase i n  the  
concent ra t ion  o f  shal low l e v e l s  i n  MnxCdl,xTe a f t e r  spu t te r  cleaning. Both 
CdSeyTel-y and ZnXCdl,Te damage s u b s t a n t i a l l y  du r ing  sput te r  c leaning as 
demonstrated by f i gs .  6-12 t h a t  show the  PL spect ra and PR spect ra p r i o r  and 
a f t e r  5 kV Ar' exposure t o  comparable dose f o r  t he  3 a l l o y s  under cons idera t ion  
(24). 
outstanding the  i n fo rma t ion  gathered thus f a r  favor  MnxCdl,xTe over ZnXCdl,Te 
i n  terms of t h e i r  surface propert ies.  
Although the  anneal ing studies on CdSeyTel-y and ZnXCdl,Te are s t i l l  
An issue t h a t  has no t  been addressed y e t  
and i s  o f  considerable importance f o r  the  development o f  devices i s  the  r e l a -  
t i v e  response o f  the two m a t e r i a l s  systems t o  e x t r i n s i c  doping. 
MnXCdl,Te and ZnXCdl,Te are nominal ly undoped o f  p-type and n-type conduc- 
Since 
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tivity, respectively, and compensation is expected to be associated with diffi- 
culties the preferred substrate choice may depend on tne application. However, 
more work is required to clarify this point. 
In order to perform intelligent crystal growth on ternary compound seni- 
conductors detailed knowledge of their phase diagrams is imperative. 
shows the liquidus surface of the Cu,In,Se system (7) that exhibits extended 
regions of immiscibility in liquid state which must be avoided during the 
synthesis stage of the compound frm CU.~I~.~ and elemental selenium. 
priate procedures for doing this are established in our laboratory. 
13 reveals that all congruently melting ternary compounds in the system are 
located at the Cu2Se-In2Se3 pseudobinary. 
gram on this pseudobinary cut in the range 0 < x < 0.5. 
melting point on this pseudobinary is on the In2Se3-rich side of CuInSe2 that 
consequently cannot be grown from the stoichiometric melt. 
stoichiometry is obtained by zone leveling using a Cu-rich liquidus composition 
and is extremely important in this materials system because of the wide y phase 
region that extends several % to In2Se3 rich composition at room temperature. 
The properties of CuInSe2 depend drastically on the position within the hmo- 




Figure 14 shows the T-xIn Se dia- 
2 3  
Note that the maximum - -  
Control of the 
In the context of the Microgravity Science and Applications program the 
following problems of CuInSe2 crystal growth are of interest: 
zone leveling experiments under ground based conditions it is difficult to 
suppress nucleation on the bat walls (preferably pyrolytic BN). 
growth rate of CuInSe2 is highly anisotropic (slowest perpendicular to the (112) 
face) the texture of the polycrystalline skin generated on the walls favors their 
overgrowth by a s i n g l e  crystaliine sheet nucleated with (iiZ) paraiiei to the 
free surface. 
keeping the top surface at a lower temperature than the bottom of the 
1. In horizontal 
Since the 
The thickness of this sheet is maximized by a vertical gradient 
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boat. However, such a grad ien t  presents unfavorable cond i t i ons  w i t h  regard t o  
convect ive c e l l  format ion,  and completely s ing le  c r y s t a l 1  i n e  i ngo ts  cannot be 
made a t  t h i s  time. This  i n  t u r n  causes problems r e l a t e d  t o  saving the  c r y s t a l  
through the sol  i d  s t a t e  t ransformat ions a t  85OoC and 81OoC, respec t ive ly ,  t h a t  
are revealed by DTA (compare f ig .  10) and t o  prevent crack fo rmat ion  du r ing  
coo l i ng  t o  room temperature. 2. Ver t i ca l  Bridgman growth i s  more successful  
than ho r i zon ta l  zone l e v e l i n g  t o  obta in  s i n g l e  c rys ta l s ,  b u t  does n o t  prov ide 
f o r  a x i a l l y  un i fo rm composition. Even i n  Bridgman growth the  generat ion o f  a 
convex s o l i d - l i q u i d  i n t e r f a c e  i s  d i f f i c u l t  and d i s t o r t i o n s  e i t h e r  i n  the  form 
o f  a t h i n  p o l y c r y s t a l l i n e  per iphera l  reg ion  o r  tw inn ing  are observed due t o  
conta iner  e f fec ts  on the  i n t e r f a c e  shape. 
can be circumvented under mic rograv i ty  cond i t i ons  where decoupl ing o f  the  
mol ten zone i s  poss ib le  as described i n  our o r i g i n a l  proposal. 
value of a supply o f  s to i ch iomet r i c  w e l l  charac ter ized  c r y s t a l s  f o r  research 
and development e f f o r t s  on CuInSe2 based devices, p a r t i c u l a r l y  i n  the  contex t  
o f  f u r t h e r  assessments o f  the u t i l i t y  o f  t h i s  ma te r ia l  i n  a h o s t i l e  r a d i a t i v e  
environment, there  e x i s t s  considerable i n t e r e s t  i n  improved growth methods t h a t  
may become a v a i l a b l e  as p a r t  o f  NASA's M ic rog rav i t y  Science and App l ica t ions  
program. 
4. Proposed Future Work 
We be l i eve  t h a t  these d i f f i c u l t i e s  
I n  v iew o f  the 
Based on the above data we be l ieve  t h a t  a more focussed fo l low-up program 
would be meaningful on the  growth o f  MnXCdl,Te by the  Bridgman method and o f  
CuInSe2 by zone leve l ing .  
t i a l l y  e x i s t s  a t  present o r  i s  under a c t i v e  development a t  Marshal l  Space 
F l i g h t  Center would be s u i t a b l e  for an exper iment w i t h  Mn,Cdl,Te, - A substan- 
t i a l  arsenal  o f  cha rac te r i za t i on  too l s  and experience w i t h  t h i s  ma te r ia l  e x i s t s  
a t  t he  P I ' S  l abo ra to ry  so t h a t  the  apparatus and procedures f o r  comprehensive 
I n  our opinion, space approved hardware t h a t  essen- 
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charac te r i za t i on  o f  c r y s t a l s  grown i n  a m ic rog rav i t y  environment are i n  place. 
Before such an experiment i s  executed modeling should be performed o f  the  
chosen geometry. Although c e r t a i n  experiments on the ground i n  support  o f  
modeling and computer s imu la t i ons  of the  planned space experiment w i l l  be 
necessary i n  the  i n i t i a l  phase o f  a fo l low-up program planning f o r  such an 
exper iment could resume immediately. 
A con t inu ing  e f f o r t  on zone l e v e l i n g  appears t o  be desirable,  b u t  should 
focus on CuInSe2 which i s  o f  l a r g e r  s ign i f i cance  as compared t o  ZnXCdl,Te i n  
terms o f  p o t e n t i a l  f o r  generat ing new s c i e n t i f i c  in format ion.  I n  bo th  
MnXCdl,,Te and CuInSe2 c r y s t a l  growth the  decoupl ing o f  the  m e l t  f rom the  
conta iner  w a l l s  w i l l  be the key issue f o r  reques t ing  access t o  a m ic rog rav i t y  
environment. 
e f f e c t s  are impor tan t  i n  the cont ro l  o f  the i n t e r f a c e  shape and may a f f e c t  the 
convect ive f l o w  i n  both Bridgman and zone l e v e l i n g  geometries. Also, conta iner  
i n t e r a c t i o n s  g r e a t l y  a f f e c t  the  q u a l i t y  o f  bo th  CuInSep and Cdl,MnXTe c r y s t a l s  
grown a t  1 g by a s s i s t i n g  the nuc lea t ion  o f  t w i n s  and p o l y c r y s t a l l i n e  p e r i -  
pheral regions. The e f f e c t s  o f  a t  l e a s t  p a r t i a l  decoupl ing o f  the m e l t  f rom 
the conta iner  can be s tud ied  a t  1 g and work on t h i s  aspect i s  incorpora ted  
i n t o  the  research p lan f o r  ground based a c t i v i t i e s  i n  the  f i r s t  12-18 months o f  
the  schedule o f  work o f  the  proposed cont inuat ion.  Also, i n  t h i s  schedule we 
inc lude exp lo ra to ry  research on compensation doped InSb t h a t  has n o t  been p a r t  
o f  t he  present  a c t i v i t y .  
a c t i v i t y  w i l l  n o t  r e q u i r e  e x t r a  funds s ince the  growth and cha rac te r i za t i on  
t o o l s  are a l ready es tab l i shed i n  the contex t  o f  the  above program on MnXCdl,Te 
and CuInSe2. 
As has been shown f o r  bo th  Cd,Hgl,Te (25) and CdTe (2) conta iner  
I n  terms o f  c a p i t a l  equipment expendi tures t h i s  added 
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Figure 1 .  A TEM photograph o f  a crystal o f  CdOe7Mnoe3Te. 
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2. Photoluminescence ( l e f t  s ide)  and pho toconduc t i v i t y  spec t ra  
( r i g h t  s ide)  recorded i n  t h e  temperature regi;rC 13K - -  c T c 
100K. The band gap p o s i t i o n  i s  denoted by  a v e r t i c a l  b a r  
i n  the  PC spectra. 
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Photoconductivity spectra recorded in the temperature 
regime 100K < T < 230K. - -  
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F igu re  4. Photoluminescence spectrum obta ined a t  12K f o r  
Cd0.82Mn0,1 gTt .  
1.99 eV t h a t  occurs 100 mV above the  e x c i t o n i c  PL-band a t  
1.9 eV. 
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F igu re  6. The photo1 uminescence spec t ra  o f  CaTe ana Csi0.8Mn0.2Te i n  
the  as cleaved ( f u l l  l i n e s )  and (110) o r i e n t e d  sur face  and 










































































































a , '  
m i  
(d c 
a, 
v3 
G 
H 
7 
V 
n 
a, 
5 
